Abstract On the basis of the degree of mineralization, the groundwater of ApanTochac sub-basin may be considered as fresh (TDS < 500 ppm). However, chlorination is necessary to make it fit for human consumption. Major ion analyses of over 235 water samples reveal a striking relationship between hydrochemical evolution and the groundwater flow system. A high content of total dissolved solids, and low values of the Ca:Mg ratio are present in wells located on the plain (discharge zone), whereas opposite conditions are associated with wells located in higher regions (recharge zone). Statistical data analysis using the method of principal components allowed to differentiation of two hydrochemical families: (a) low mineralization corresponding to the recharge zone, and (b) high mineralization corresponding to the discharge zone. Waters of the Ca + Mg + HC0 3 , and Na + Mg + HC0 3 hydrochemical fades are present and the former is dominant. The water is slightly alkaline, having slight problems of salinity during the year owing mainly to Ca 2+ HC0 3 " and Na + Cr salts. The hydrochemistry of the groundwater reflects the pattern of local groundwater flow for this sub-basin.
INTRODUCTION
The scarcity of potable water in the basin of Mexico, as well as in many other parts of the country has become critical; the towns are involved in a difficult situation Open for discussion until I April 1999 created by the supply and demand of this liquid, in which the practice of rational use is hampered and the withdrawal of groundwater increased, which in many cases results in its contamination.
In particular, water use in the sub-basin of Apan-Tochac is an example of the growing demand for water for domestic and agricultural use. The sub-basin also highlights the lack of hydrogeological research aimed at determining the availability of water and its quality. Today, this sub-basin feeds traditional farming and small irrigated areas, which are combined with an increasing number of service activities in many towns, whose waste water is discharged, without previous treatment, into the creeks that carry it to sewage lagoons. This implies a strong potential contamination of local groundwater, which can be clearly seen in the distressing state of surface waters.
Due to the local geological features, in the creeks as well as in the sewage lagoons, wastewater evaporates, infiltrates, and a small percentage is used for irrigation. This is the case of wastewater from the towns of Nanacamilpa, Francisco I. Madero, and Diaz Ordaz, collected in the Canada Zoquiapan Reservoir, used to irrigate about 15 ha of land downstream. The same is true of wastewater from Calpulalpan, Cuaula, E. Zapata and Apan, among other towns, which is used for irrigation to the east of Irolo. The towns of Zaragoza, B. Juarez, Fco Villa, Cardenas, San José and Juiquilpan, among others, drain their wastewater into the Tochac Lake, whose main function is to act as an oxidation pond.
Based on the above facts, this study intends to obtain the hydrogeochemical characterization of the groundwater and hopes to contribute to the definition of the directions of groundwater flow in this sub-basin.
BACKGROUND
The description of the surface geology was carried out by Mooser (1975) and, later, by Ledezma (1987) . In 1983 the Secretaria de Agricultura y Recursos Hidrâulicos (SARH) sampled water in the wells of this area, analysing the cations and anions. Huizar (in press) delimited the different types of aquifers present in this sub-basin and drafted a hydrogeological map of the area. Starting in 1992, on the federal government's initiative, all water sources for human consumption in the country had to be chlorinated in order to prevent bacterial illnesses. However, chlorination is not carried out systematically as is the case with many of the wells in the study area.
Study area location
The Apan-Tochac sub-basin is in the northern part of the Great Basin of Mexico (Fig. 1) . The sub-basin has an area of 1480 km 2 , 35% corresponding to the plain and 65% forming the mountain and foothills landscape. The plain extends from west to east, its mean elevation is 1495 m, and there are many small bodies of water both artificial and natural that hold rain and/or wastewater. 
Hydrogeology
Average annual precipitation is 658 mm, reaching a maximum of 900 mm at the mountain tops; rainfall distribution throughout the year defines three periods: (a) rainy, from June to September with 60% of total rainfall; (b) dry, from November to March, with 10%; and (c) transitional, during the months of October, April and May, contributing 30% to total rainfall. Average annual temperature varies from 10 to 15°C. Average annual real évapotranspiration represents 84% of total annual precipitation (Huizar, in press) .
During the rainy season (June-October), there is a surface drainage from which a part infiltrates upon reaching the plain, and the other fraction leaves the area in artificial channels. During the dry season, wastewater is present in some dry river channels, because the nearby towns discharge wastewater into dry natural river channels which drain into sewage lagoons.
The lithology of the ridges that border the plain consists of andésites, basalts, rhyolites and pyroclastic materials that are interfingered with alluvial and lacustrine sediments. Within this group of volcanic rocks and alluvial sediments, Huizar (in press) identified three types of aquifers-intergranular, fissured, and stratified-as follows:
Intergranular aquifer This is found in the Tertiary and Quaternary fluvial and lacustrine sediments whose thickness is greater than 200 m. The grain size varies from clay to conglomerate. In these materials a wide semi-confined aquifer is found, which changes to free condition toward its borders. The intergranular aquifer is limited by volcanic ridges, from Tlaxco to Cd. Sahagun, and the water discharge is represented by the pumping of wells; transmissivity values obtained are between 500 and 1500 m 2 day T and the water level determines an unsaturated zone with an average thickness of 60 m.
The fissured aquifer This occurs in volcanic rocks that are interdigitized with the sediments in the plain, to the north as well as to the south and east, and comprises andésites and basalts covered with pyroclastic materials. To the northeast, rhyolites and andésites are predominant. This aquifer, located at the base of the mountain, is a part of the recharge zone in whose northern part some springs are present, with discharges between 1 and Ills 1 . Estimated transmissivity in the wells, is 11 x lCT 2 m 2 s _I .
The stratified aquifer This aquifer is characterized by fluvial sediments and pyroclastic materials that interstratify with lava flows. The aquifer has constant hydraulic relations with the rest of the hydrogeologic units. It has a discharge through the pumping of wells of variable yields, but to date it has not been possible to obtain its hydraulic parameters, although low to medium permeability is estimated.
METHODS
The hydrogeochemical characteristics of water and its potability were obtained from physicochemical and bacteriological analysis of water samples (Table 1 ) from 47 sites, of which 39 correspond to wells, four to springs and four to draw wells ( Fig. 2 ) These sites represent 70% of underground water sources in the area and were selected randomly. The samples were collected every three months, from November 1993 to November 1995, obtaining 47 samples at each occasion (total of eight different sampling dates). The gathering of samples and their preservation, for the chemical, bacteriological and heavy metal analyses, were carried out using APHA-WWA-WPCF (1994) and US-EPA (1983) guidelines. In relation to the bacteriological analysis, the total number of coliform bacteria was determined by the method of the most probable number, and mesofila by the method of Rodier (1992) . The diagrams of Piper (1944) and Schoeller (1955) were used to present the chemical composition, and water quality for human and agricultural consumption, respectively. The geostatistical study of results from the chemical analysis of water was carried out by means of statistical packages CHADOC (Département d'Informatique, Nice, 1989) and SPSS (1996) , applying the multivariate analysis by the method of principal components (Lefebvre, 1980) .
RESULTS AND DISCUSSION
The results obtained from the physical, chemical and bacteriological analysis of water samples of 47 monitored sites show the following: Inside wells the water temperature varied from 19 to 24°C, while in the springs it ranged between 10 and 16°C. This indicates that variations of temperature in groundwater depend on the temperature of the local environment, except when the water level is more than 100 m, air temperature exceeds 4°C, which indicates a significant effect of the thermal gradient.
Electrical conductivity ranged from 40 to 500 (J.S cm" 1 (Table 2) , with values between 40 and 250 u.S cm" 1 at sites located in the recharge zone. Values that were higher than 250 uS cm" 1 corresponded to sites located in the plain. Within the plain, the values for this parameter were similar however. One can identify individual sites with a greater value of electrical conductivity (EC) (Fig. 3) . The measured values of electrical conductivity are reflected in the low concentration of salts and also in the low grade of mineralization of these waters. Likewise, they show strong lixiviations of Ca 2+ , Mg 2+ , Na + , K + cations and HC0 3 , Cl", S0 4 Z " anions towards the lower zone where, according to Richardson & McSween (1989) , the salts more likely to be formed are: CaHC0 3 + , MgHC0 3 + , NaHC0 3 , NaCI, KS0 4 " and NaS0 4 .
Water in the Apan-Tochac sub-basin has a neutral pH. The cations present in decreasing order are: Ca 2+ , Mg 2+ , Na + and K + , and the more abundant anions in the same order are: HC0 3 ", Cl", S0 4 2 ". Carbonates were not present. With respect to total dissolved solids, values between 200 and 370 ppm were widespread with the exception of samples 42 and 52 whose values were higher than 600 ppm. The spatial distribution of total dissolved solids was found to be related to the distribution of electrical conductivity, indicating a low mineralization of local water. Based on the values obtained for electrical conductivity, total dissolved solids, percentage of Na and content of rHC0 3 , one can distinguish two water families given in Table 3 . Tables 2 and 3 show that the lowest values of mineralization correspond to the sites that belong to the recharge zone, while the highest values are associated with the discharge zone. The results of the geochemical indices confirm these interpretations. The values for the ratio C1/HC0 3 decreased from 0.8 to 0.3 towards the wells located in the centre of the plain and increased from 0.3 to 0.8 towards the borders, indicating a direction of flow towards the plain. This idea is supported by the index S0 4 + HC0 3 /C1, because, while the C1/HC0 3 ratio diminished towards the plain, the S0 4 + HC0 3 /C1 ratio increased, indicating the groundwater flow.
In all the wells in the plain, the index Na/Cl indicates the presence of contemporary groundwater which has good contact with surface water; values varied from 0.7 to 2.0 with a dominance of values > 1.0 suggesting the presence of surface water.
The ratio S0 4 /C1 increased towards the plain, mainly in the wells 17, 19, 20, 32, 33 and 39, showing the direction of water mineralization. However, in volcanic environments, with the exception of the existence of thermal conditions, the contents of S0 4 2~ and CF in water are low, (Appelo & Postma, 1993; Freeze & Cherry, 1979) . This allows us to say that high concentrations of these anions in those wells are due to anthropogenic contamination, verified in the field, since the wells do not have a caisson and cement grout to avoid infiltration from the water that leaks from the well and, in some instances, from waste water spilled in areas surrounding the wells.
Hydrochemical fades
Plotting the results of chemical analysis on the Piper (1944) and Schoeller (1955) diagrams (Figs 4 and 5) , the hydrochemical facies present are (a) bicarbonatecalcium/magnesium rHCO > rCl > rS0 4 ; rCa > rMg > rNa; rCa < rMg > rNa, which shows temporal variations towards the bicarbonate-sodium/calcium facies (b). In the Schoeller diagram (Fig. 5) it may be seen that, for some sampling periods, there is a predominance of sodium and magnesium which influences the tendencies of the bicarbonate-calcium/magnesium facies towards the bicarbonate-sodium/calcium and chloride-calcium/magnesium facies. Figure 5 represents the different hydrochemical facies as indicated above. In samples 11 and 29 a reduction of S0 4 2~ and a parallel increase of HC0 3 are observed. This indicates that no precipitation of CaC0 3 is occurring. In samples 16 and 17, more saline conditions are likely to form. Likewise, the increment in S0 4 2~ and N0 3 " in wells 16, 17 and 33 confirms that anthropogenic contamination exists. The graphs of samples from well 45 show the hydrochemical characteristics of the recharge zone of the area studied: the low content in Cf and S0 4 2~ are inferred to be caused by rainwater. The resulting facies correspond to a volcanic environment with a mafic to intermediate composition in which, according to Appelo & Postma (1993) , Freeze & Cherry (1979) and Owen et al. (1995) , calcium comes from plagioclase and magnesium from ferromagnesian minerals.
The values of the Mg/Ca and Na/Cl indices reinforce this idea and also point to a very active exchange of bases which partly influences the temporary tendencies of facies (a) towards facies (b). This is similar to the situation described by Huizar (1989) in the area of Chalco, where sodium combines and forms NaCl salts. Calcium and magnesium are reflected in water hardness and reach a maximum value of 2.16 ppm, which should be characterized as soft according to the Fletcher (1986) classification.
Based on the SAR index classification (Richards, 1969) , 60% of the wells are characterized to have a quality water class of C2-S2, (medium-salinity water, medium-sodium water). Water with these properties is hazardous for use in irrigation on soils with deficient drainage conditions. The water of the remaining wells is acceptable for irrigation.
Trace elements in groundwater
The contents of trace elements detected were heterogeneous in different wells, recording the following in decreasing order: Fe, Pb, Ni, Co, Mn, Zn, Cu and Cr.
According to Secretaria di Salud, WHO and EEC guidelines (SA, 1996; WHO, 1984; EEC, 1984) , concentrations of Pb in all wells exceeded those norms by a factor of two, while the other elements are within limits for human consumption.
The content of Cr in water is dangerous for human consumption (Rodier, 1994; Allard, 1995; Duffus, 1983) because of the illnesses it may cause. The detection of Cr means a hazard to aquifers, and motivates the search for the probable sources of this element. In many cases this can be anthropogenic as well as natural, as is the case of the Rio Turbio basin (Rodriguez & Armienta, 1995) where the presence of ultramafic rocks contributes some quantity of Cr to groundwater. Although, in the study area, the concentrations of Cr are low, its existence in most of the wells indicates a certain amount of risk, mainly in sites 34, 25, 32, 36, and 30 where concentrations exceeded 0.01 ppm. Regarding other elements, such as Cu, Zn, and Co, their low concentrations in local water and the fact that they are necessary for animal life indicate that their presence in groundwater of the Apan Tochac sub-basin does not pose any immediate problem.
Heavy metal contents, the presence of coliform bacteria, mesofila and substances that react to methyl blue (BMAS) in local groundwater indicate, the existence of anthropogenic contamination. However, this contamination is diminished by the soil's role as a fixating agent and by the unsaturated zone, which has an average thickness of 60 m and whose permeability is medium to low. Consequently, there is time and space for self-purification. Flores (1993) reports the fixation of heavy metals by the local soil in nearby areas (Sahagun, Tizayuca, and Pachuca) that are similar in nature to the one analysed here, where the high content of removable heavy metals in the soils has its origin in the practice of irrigation using waste water.
PRINCIPAL COMPONENTS ANALYSIS
In order to characterize further the physical behaviour of sampled sites, hereafter referred to as "individuals", principal component analysis (PCA) was applied to 11 1.000 0.007 1.000 1: altitude; 2: calcium; 3: chloride; 4: electrical conductivity; 5: bicarbonate; 6: potassium; 7: magnesium; 8: sodium; 9: nitrate; 10: pH; and 11: sulphate. variables and 48 individuals (see Table 4 ). The analysis was carried out with the aid of CHADOC statistical software from the Department de Informatique de L'IUT, Nice, France (1989) .
The original correlation matrix, given in Table 4 , shows that there is a positive correlation between electrical conductivity and such cations as calcium, magnesium, sodium, and potassium as well as the bicarbonate anion. In contrast, there is little positive correlation between electrical conductivity and sulphate and nitrate. The pH is only correlated with altitude, but negatively. The anions nitrate and sulphate only have a positive correlation between themselves; altitude shows a weak negative correlation to electrical conductivity, pH, and to calcium, bicarbonate, potassium, and sodium.
The Eigenvalues and the percentages of accumulation or weight of the original variables ( Table 5 ), show that, from the 11 principal components calculated, the first four explain 86.7% of the total variance, and from the correlations between variables and principal components (Table 6) , four new components are obtained: 
Component 1
This component is defined, on the one hand by such parameters as electrical conductivity Ca 2+ , Mg 2+ , CF, HC0 3 , Na + , K + and CF, which have an important negative correlation with the component and, on the other hand, altitude, which has a positive correlation with the component. This component gives information on the water mineralization according to the altitude of the individual. Thus it is possible to refer to it as the "mineralization axis".
Component 2
The parameters pH and altitude contribute to the definition of component 2. The values of pH show a negative correlation with this axis and the altitude shows a positive correlation. Consequently, the water pH is differentiated in relation to the altitude of the sampled individual and can be referred to as the pH-altitude component.
Component 3
This component is defined by N0 3~ and S0 4 2~, both negatively correlated to the component. The association of these anions with the component allows one to define it as the axis of mineralization originated at the surface.
Component 4
This component is associated exclusively with CI, whose correlation to the axis is negative. It is similar to the previous component.
Correlation circle
In Fig. 6 (a) the variables are represented according to axes I and II which account for the greater part of the variance and it is evident that axis I groups almost all of the variables except N0 3~ and pH. This axis consequently represents water mineralization. Axis II is correlated negatively to pH and positively to altitude (giving the label previously mentioned). Axis III (Fig. 6(b) ) is characterized by N0 3 and S0 4 2 \ independently of the altitude of sampled sites. (Axis IV is only represented by Cr, which is also independent of altitude, and the evidence suggests a situation similar to the one presented in the previous axis.)
From the above, it can be said that along axis I (Fig. 6(a) ), the water is differentiated by elevation of the sample site, emphasizing that at lower altitudes water mineralization is greater, and vice versa. The slight correlation of N03-and S042-with the rest of the parameters indicates that the process of contribution of these anions to groundwater is different from, and independent of, the process which mobilizes the rest of the ions; in this case, N03-and S042-which originate at the surface. Some of the individuals are concentrated towards the centre of the diagram adjusting themselves to the components, defining four groups in two pairs. The first group in the second and third quadrants corresponds to the most mineralized water: wells 8, 17, 26, 28, 29, 32 and 33 . On the opposite side of the same diagram, in quadrants I and IV, there are two groups of less mineralized water: wells 2, 15, 16, 17, 23, 36, 42, 44 and 45 . Relating these individuals by altitude, it can be seen that those to the right of axis I are higher in altitude and show a lower mineralization and those to the left are at a lower altitude and have a higher mineralization.
In summary, it can be said that in quadrant I there are sites having less mineralized water, due to their altitude, than those in quadrant II. Similarly, quadrants I and II differ from quadrant III in their pH values.
GUIDELINES IN RELATION TO GROUNDWATER QUALITY
In the eastern section of the sub-basin, there are irrigated areas where groundwater from wells and variable quantities of agrochemicals are employed. Although at present no chemical degradation of the groundwater has been detected, it has been shown that the risks concerning trace elements are increasing; the sodium content risk is slight, but the salinity risk is already significant. For these reasons it is important to carry out detailed soil studies and to suggest alternatives aimed at detecting and reducing such risks.
The main uses of water in this region are domestic and farming. Untreated wastewater flows along natural channels, where it infiltrates or evaporates, and although the chemical quality of water is still good, it is possible that in the short term it suffers some changes. Therefore, it is necessary that all towns, regardless of size, and above all the various farms, begin treatment of wastewater in order to reduce the potential pollution of both the groundwater and the local soils.
CONCLUSIONS
The study of principal components applied to the chemical variables of groundwater indicates the existence of two hydrochemical families: (a) those with low mineralization corresponding to recharge zones, and (b) those with high mineralization corresponding to discharge zones.
Groundwater pollution in this area is at an early stage. This is due in part to the existence of materials with a low or medium permeability at the uppermost part of the plain's fill. In addition it is due to the fact that the saturated zone, is deep, which enhances the self-purification of water.
The preceding discussion suggests that, according to WHO (1984) and SA (1996) guidelines, local water is of good quality. However, it is necessary to begin actions to protect aquifers and in this way to prevent illnesses in the area, because there are problems regarding chlorination and the lack of a proper protection for wells to avoid filtration.
